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We report resistivity p and Hall effect measurements on EuFe2As2 at ambient pressure and 
28 kbar and magnetization measurements at ambient pressure. We analyze the temperature 
and magnetic-field dependence of p and the Hall effect using a molecular-field theory for mag- 
netoresistance and an empirical formula for the anomalous Hall effect and find that electron 
scattering due to the Eu'^"'" local moments plays only a minor role in determining electronic 
transport properties of EuFe2As2. 
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Since the discovery of superconductivity (SC) in 
LaFeAsOi_a;Fa; at a transition temperature Tc = 26 K by 
Kamihara et al.,^^ extensive studies have revealed that 
SC can be induced in layered iron pnictides by a vari- 
ety of tuning parameters: i.e., carrier doping, isovalent 
substitution (chemical pressure), and pressure P.^^ Ob- 
viously, the key is not the introduction of carriers but 
the suppression of the antiferromagnetic (AFM) order 
of the Fe magnetic moments. Generally, suppression of 
antiferromagnetism in metallic systems may cause non- 
Fermi liquid behavior. Indeed, liiic!ar-in-tenipc!raturc! T 
resistivity p, suggestive of strong electron scattering due 
to critical or nearly critical two-dimensional AFM spin 
fluctuations,^^ has been observed in various optimally 
tuned iron pnictide superconductors,^"^-* and in some 
cases NMR data appear to suggest the existence of a 
magnetic quantum critical point (QCP).^'^) Although a 
QCP in the iron pnictides is still highly debatable, 
further research into this issue is vital to determine rele- 
vance of spin fluctuations and quantum criticality to the 
iron pnictide high- Tc SC. 

It was previously pointed out that the temperature 
exponent of p in metals near an AFM QCP is sensitive 
to disorder. In this regard, pressure tuning may bet- 
ter be suited than doping or substitution for electronic 
transport studies of the quantum criticality. In a previ- 
ous paper, ^'^^ we have established that EuFe2As2 exhibits 
bulk SC at P ~26 kbar. This critical pressure for the ap- 
pearance of bulk SC is lowest among the 122 compounds 
under good hydrostatic conditions'**"^''' and is easily ac- 
cessible by piston-cylinder high-pressure cells. EuFe2As2 
therefore seems the best system to study spin fluctu- 
ations and possible quantum criticality through trans- 
port measurements unless electron scattering due to the 
Eu^''" localized magnetic moments masks signs of Fc spin 
fluctuations. In this paper, based on magnetotransport 
and magnetization data, we show that the Eu^+ mo- 
ments play only a minor role in determining the elec- 
tronic transport properties of EuFe2As2 and hence that 
the possible quantum criticality can be studied through 



more systematic transport studies of EuFe2As2 in future. 

EuFe2As2 exhibits two phase transitions, at To ~ 190 
K and Tjv ~ 19 K, at ambient P.18-21) The transition at 
To is a combined structural and magnetic transition, sim- 
ilar to those in other 122 compounds: the crystal struc- 
ture changes from tetragonal to orthorhombic and the 
Fe moments order antiferromagnetically. The magnetic 
structure of the Fe sublattice is the same as those in 
other 122 compunds.^^'^^' The transition at Tjv is due 
to the AFM ordering of the Eu^"*" moments. The mag- 
netic structure of the Eu sublattice is composed of fer- 
romagnetic Eu^"*" layers stacking antiferromagnetically 
along the c axis.^^'^^' The Eu^+ moments are 6.8 /is /Eu, 
aligned along the a axis. Tlic^ interlayer AFM coupling 
of the Eu^"*" moments is rather weak: even below Tjv, 
the paramagnetic state (the field-induced ferromagnetic 
state) of the Eu sublattice is easily reached by the appli- 
cation of ~1 or 2 T in the a6-plane or along the c-axis, 
respectively.'^' ^^~^®' A T—P phase diagram has been de- 
termined from p measurements: 2*^' while Tq decreases 
with P and is not detected above Pc = 25-27 kbar (de- 
pending on crystal quality), Tjv is nearly P-independent. 
The SC is observed below Tc ^ 30 K near Pc- 

A single-crystal ingot of EuFe2As2 was grown by the 
Bridgman method from a stoichiometric mixture of the 
constituent elements. Resistivity p and Hall effect mea- 
surements were performed on thin (8 and 39 pin thick) 
samples exfoliated from the ingot with a usual six- 
contacts configuration using a low-frequency ac current 
(/ = 0.3 mA, / ~17 Hz) applied in the ab plane. A ^He 
refrigerator and a superconducting magnet were used for 
the measurements. For measurements at P = 28 kbar, a 
clamped piston-cylinder cell was used, and the pressure- 
transmitting medium was Daphne7474 (Idemitsu Kosan 
Co., Ltd., Tokyo). ^''^ The magnetization measurements 
were performed on an approximately Imm"^ sample using 
a SQUID magnetometer. Note that we basically refer to 
the applied field Bappi, which may be different from the 
field B inside a sample by ~0.9 T, because of the large 
saturation moment of Eu^+. Also note that we use the 
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Fig. 1. (Color online) (a) Resistivity p in EuFe2As2 as a function of T at P = kbar and 28 kbar. (b) and (c) p as a function of B^ppi- 
The dotted curve drawn for T = 25 K in (b) is calculated from a molecular-field model (see text), (d) and (e) Hall resistivity pu as a 
function of B^ppi- (f) Hall coefficient Rjj as a function of T. When pu is nonlinear, Rjj is defined as dpu /dB^ppi at B^ppi = 0. 



convention B = I-J-qH + M, and hence that the magne- 
tization M is measured in the units of Tesla. 

Figure 1(a) shows p at P = and 28 kbar as a 
function of T. At P = kbar, the two transitions at 
To = 189 K and Tat = 19 K are clearly observed. A 
close examination of the anomaly at (inset) seems 
to suggest a two-step transition similar to those found 
in Ba(Fei_2;Co2;)2As2.'^"-' The residual resistivity ratio 
p(300 K) / p(4 K) is 6.5. At P = 28 kbar, a nearly 
T-linear dependence is observed from RT down to Tc 
= 28 K (midpoint), as is consistent with previous re- 
ports. ^^'^^^ Figure 1(b) shows the field dependence of p 
at P = kbar for various temperatures and also for vari- 
ous field directions (lower part). For B || c, the T = 0.3 K 
curve shows a cusp at Bappi = 1.8 T, which indicates an 
entrance into the paramagnetic (field-induced ferromag- 
netic) state of the Eu^+ moments. Above this transition 
field, p increases rapidly, which is attributed to usual 
positive transverse magnetoresistance (MR) due to cy- 
clotron motion of conduction carriers. As T increases, 
the anomaly shifts to lower fields, and it appears as a 
step-like increase at T = 16 K. At T = 25 K (> Tjv), 
no transition appears, and a negative MR at low fields is 
ascribable to suppression by fields of electron scattering 
due to Eu^+. At 40 K and higher temperatures below To, 
a monotonic positive MR is observed. Above To, MR is 
practically zero. The lower part of Fig. 1(b) shows that 
as Bappi is tilted toward ab the anomaly changes into a 
jump, and that the transition field decreases. In a previ- 
ous study,^^^ the anomaly appeared as a cusp for both 



P II c and P 11 a6 at T = 2 K. The origin of this differ- 
ence is not clear. Figure 1(c) shows the field dependence 
of p at P = 28 kbar. In contrast to the P = kbar data, 
positive MR due to the cyclotron motion is not observed 
until 10 K as T is lowered. The origin of this contrast 
can be ascribed to the difference in the state of the Fe 
moments between P = and 28 kbar. At P = 28 kbar, 
the Fe moments do not order down to zero temperature 
so that their spin fiuctuations make a large contribution 
to the resistivity, which can be suppressed by magnetic 
fields, leading to the negative MR in a wide T range. 

Figure 1(d) shows Hall resistivity pn at P = kbar 
as a function of Bappi- While pn is linear in Bappi 
above To, it exhibits pronounced nonlinearity below To. 
The temperature dependence of the Hall coefficient Rh 
is shown in Fig. 1(f), where we have defined Rh as 
dpH/dBappi at Bappi = when pn is nonlinear. The 
obtained Rh{T) is qualitatively or semi-quantitatively 
similar to previous polycrystal data^"-' and other 122 
compounds data.^-^i-^^) ^t RT Rh is -0.033 ^r2cm/T, 
which corresponds to 0.87 electron/Fe if a single-carrier 
model is assumed. The magnitude of the Hall coefficient 
\Rh\ increases steeply below Tq, indicating the destruc- 
tion of substantial part of the Fermi surface due to the 
AFM order of the Fe moments. The maximum of \Rh\ 
at T = 25 K {Rh = -l.^pflcm/T) corresponds to 0.019 
electron/Fe in a single-carrier model. Figure 1(e) shows 
Ph at P — 28 kbar as a function of Bappi for various 
temperatures, pn is linear in Bappi for all the measured 
temperatures. At T = 140 K (the highest measured tem- 
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Fig. 2. (Color online) (a) Magnetization curves of EuFe2As2. The 
dotted curves drawn for T = 25, 40 and 100 K are calculated from 
a molecular-field model (see text), (b) Reciprocal susceptibility 
1/x as a function of T, where x is estimated as x = '^M /dBappi 
at Bappi = 0. The solid line indicates Curie- Weiss behavior below 
To. 

perature), Rh is -0.042 /iilcm/T, similar to the RT value 
at P = kbar. As T is lowered, \Rh\ increases gradu- 
ally, reaching Rh — -0.17 /iricm/T at low temperatures, 
which corresponds to 0.17 electron/Fe in a single-carrier 
model. A similar enhancement of \Rh\ at low T in the 
paramagnetic state of the Fe moments has been observed 

in other optimally or nearly optimally tuned 1111 and 
122 compounds.''' "'34, 35) 

Figure 2(a) shows magnetization curves for Bappi \\ c. 
The saturation moment determined at T = 2 K and Bappi 
= 5 T is 6.92 ^B, close to the theoretical value of 7 
fj,B for the Eu^'^ ion and consistent with a previous re- 
port. The magnetization curves in the paramagnetic 
state of the Eu^+ moments can be described very well 
by using a simple molecular-field model including only 
the major ferromagnetic interaction. Namely, the mag- 
netization is given by the equation M = Ng^sJ^jix) 
with X = g^BJHeff/kBT, where the effective field is 
the sum of the applied field and the molecular field: 
HoHeff — Bappi + AM. Bj is the Brillouin function, 
J = 7/2 for Eu^+, and other symbols are as usual. The 
dotted curves drawn for T = 25, 40 and 100 K are cal- 
culated with g = 2.1 and A — 9.3, which were deter- 
mined from a fit to the T = 25 K data. The experi- 
mental curves are reproduced satisfactorily. Figure 2(b) 
shows the temperature dependence of the reciprocal sus- 
ceptibility l/Xi where x has been estimated from the 
magnetization curves as x = dM /dBappi at Bappi — 0. 
The susceptibility obeys the Curie- Weiss law x = C /{T- 
9) below To as indicated by a straight line, which gives 
the effective moment /^e// = 8.48 /is and the param- 
agnetic Curie temperature 61 = 17 K. These values are 
similar to those previously reported. The positive 9 
confirms the dominance of the ferromagnetic interaction 
between the Eu^"*" moments. 

We now consider the influence of the Eu^+ moments 
on the transport properties of EuFe2As2. We start with 
the resistivity. The contribution of the spin disor- 
der scattering to the resistivity in local-moments systems 
was previously calculated within the molecular field ap- 
proximation.'^^) According to the model, ps — pi + pt. 



where pi = 2Cb'(z) and pt = 2Cb(z)(0/2)/(sinh(z/2))2. 
The function h{z) is given by b(z) = JBj(zJ), h'{z) = 
{d/dz)h{z), and z = x/J, where x is defined above. The 
proportionality factor C depends on the carrier number, 
effective mass, exchange coupling between the local mo- 
ments and conduction electrons, but here it is treated 
as an adjustable parameter. Figure 3(a) shows simulated 
Ps{T) at various applied fields. The proportionality fac- 
tor C at P = kbar may be evaluated as follows. In 
the model calculation, ps{T > T/v) — ps{0) = 31. 5C at 
zero applied field. This can be equated with p'^ — Po = 
12.8 /iilcm, where po is the zero-temperature resistiv- 
ity extrapolated from the resistivity measured below T/y 
and Po is that extrapolated from the resistivity above 
Tjv. Thus C is roughly estimated to be 0.4 /ificm. To 
see the appropriateness of this estimation, we have cal- 
culated Ps{Bappi) at T = 25 K, and have compared it 
with the experimental resistivity (see the dotted curve in 
Fig. 1(b)). The calculated curve reproduces the observed 
negative MR at low fields very well, though the positive 
MR due to the cyclotron motion prevails at high fields. 
Using C = 0.4 pflcm, we can now estimate the ratio of 
the temperature variation of the Eu^"*" spin-disorder re- 
sistivity to the total measured temperature variation of 
the resistivity. In a temperature range between 25 and 
100 K at P = kbar, the ratio is about 1% at Bappi = 
1 T, increases with Bappi, and is about 14% at Bappi — 
16 T. Namely, the Eu^"*" spin-disorder resistivity is not 
a dominant factor to determine the temperature depen- 
dence of the resistivity in this temperature range at P = 
kbar. Unfortunately, it is difficult to estimate C at P 
= 28 kbar, since the resistivity at low temperatures and 
low fields is inaccessible because of the SC. However, it is 
safely assumed that the relative contribution of the Eu^"*" 
spin-disorder resistivity at P = 28 kbar is smaller than 
that at P = kbar. The reason is that the Fe moments 
do not order down to zero temperature and hence that 
the contribution of the Fe spin fluctuations to the resis- 
tivity is expected to be larger than that at P = kbar, 
as is evidenced by the negative MR observed in a wide 
temperature range. 

We now turn to the Hall effect. The measured Hall 
effect may contain a contribution from an anomalous 
Hall effect due to the Eu^+ moments. In order to es- 
timate its size, we follow analyses previously applied to 
the anomalous Hall effect in rare-earth metals and as- 
sume that ph = RqB + RgM, where Ro and Rg are 
the ordinary and anomalous Hall coefficients, respec- 
tively.'^'') Note that, since thin samples are usually used 
for Hall effect measurements, B is practically equal to 
Bappi. It is known that Rg shows a temperature de- 
pendence in a magnetically ordered state and that the 
maximum of \Rs\ occurs near the transition tempera- 
ture. On the other hand, Rs in the paramagnetic state 
is known to be independent of temperature. ^''^ Differen- 
tiating the formula, we have dpn/dB = Ro + RsdM/dB, 
neglecting a possible slow variation of Ro with B. A large 
quick change in dM/dB is therefore expected to be re- 
fiected in dpn/dB. We compare dM/dB and dpn/dB 
measured below Tn at P = kbar in Fig. 3(c). For 
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Fig. 3. (Color online) (a) Simulation of the Eu^+ spin-disorder resistivity ps given in the units of C At P = kbar, C is roughly 
estimated to be 0.4 fiflcm (see text), (b) how-B^ppi part of pu below Tjv at P = kbar. The dashed curves are spline- function 
smoothed, (c) Comparison of dpn/dB, calculated from the spline-function smoothed curves in (b), and dM/dP below T]v at P = 
kbar. (d) p_tf at T = 20 K and P = 28 kbar and a fit with R^. 



the latter, we have sphne-function-smoothed the exper- 
imental ph curves before differentiation [Fig. 3(b)]. Be- 
cause of the saturation of M, dM/dB exhibits a sharp 
drop around 1 T, where dp^/dB also shows a step- 
like change. Using the T = 8 K data, we estimate that 
R, = A(dpH/dS)/A(dM/dB) - 0.5/ir2cm/T. Since 
dM/dB - 0.6 at Bappi = 0, Rh ^ Ro + 0.3/ir2cm/T. 
Namely, \Rh\ = 1.2//f^cm/T at T = 8 K differs from 
\Ro\ = 1.5pilcm/T by about 20%. More important is an 
examination of the Hall effect above Tn in the param- 
agnetic state of the Fe moments when To is suppressed. 
Analysis of the Hall effect in the paramagnetic state is 
usually done by plotting ph/B at various temperatures 
against M/B. According to the above formula, the plot 
gives a straight line, from which Ra and Rg can be de- 
termined, provided that Ro and Rs are T-independent. 
However, this method can not be applied to the present 
case, since Ro is T-dependent. As an alternative, we make 
use of the fact that, while M{Bappi) curves at temper- 
atures above but close to Tj^ are nonlinear, pniBappi) 
curves at those temperatures at P = 28 kbar are almost 
hnear. Figure 3(d) shows pn at T ^ 20 K and P 28 
kbar and a fit to pH = RoB + RsM, where Rg = 0.1 
/if2cm/T has been fixed and the P-dependence of M has 
been assumed to be the same as that observed at P = 
kbar and T = 25 K. The fitted curve is close to the lower 
bound of the scattering of the experimental data points 
at 5 T, and it is clear that the curve will deviate from the 
experimental one above 5 T. We can therefore conclude 
that \Rs\ is significantly smaller than 0.1 /ificm/T. If we 
assume \Rs\ = 0.05^17cm/T, its contribution to \Rh\, 
i.e., \Rs\M/B, is ~0.01 prtcm/T at T = 25 K, which 
is less than 10% of |Pij| at P = 28 kbar and T = 20 
K. These analyses indicate that, although the influence 
of the anomalous Hall effect due to Eu^"*" may not com- 
pletely be neglected, the main part of the Hall effect in 
EuFe2As2 is still due to the ordinary effect. 

In conclusion, we have considered the influence of the 
Eu^"*" moments on the electronic transport properties of 
EuFe2As2 and have found that electron scattering due to 
the Eu^"^ moments plays only a minor role in both the 
resistivity and the Hall effect. 
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